Abstract In this study, the C-O-isotopic data from calcite at Yungul and Wilmott (Speewah. Western-Australia) are integrated with microthermometry, H 2 O-, CO 2 -content and H-HeAr-isotopic data from fluid inclusions in genetically related calcite and fluorite to map the origin and crystallization paths of the fluids. In addition to the hydrogen isotopic compositions of fluid inclusions in fluorite, oxygen isotopic compositions were also determined by cavity ring-down spectroscopy. The geochemical data suggest mixing of a CO 2 -dominated mantle fluid and a H 2 O-domintated crustal brine. The fluid produced by this mixing is characterized by radiogenic (crustal-like) 
Introduction
Calcite and fluorite are two minerals that can co-exist in sedimentary, metamorphic, metasomatic and igneous rocks from a range of geotectonic settings. In sedimentary and metamorphic rocks, a common model for co-existence proposes an upward migration of Cl-rich, F-bearing, basinal brines along regional structures that results in the precipitation of fluorite by replacement of calcite in the wall rocks (e.g. Kendrick et al. 2002) . In magmatic and metasomatic systems, however, there are at least three models for calcite and fluorite crystallization: 1) direct precipitation from F-rich orthomagmatic fluids which exsolved during fractionation (Ronchi et al., 1993; Bühn et al., 2002 , Comin-Chiaramonti et al., 2001 ; 2) precipitation induced by mixing of an exsolved, F-rich, orthomagmatic solution with high volumes of meteoric water (Simonetti and Bell, 1995; Palmer and Williams-Jones, 1996) ; 3) precipitation induced by cooling of F-rich, orthomagmatic fluids and reaction with calcite-rich county rocks (Richardson and Holland 1979; Bühn et al., 2002) .
Among the calcite-fluorite associations, there are textural, mineralogical, geochemical and isotopic signatures that characterize the origins of the crystallizing fluids. However, perhaps the least understood are the magmatic fluids that crystallize calcite in rocks termed "carbonatites" where there is geochemical evidence of a deep-mantle source (Bell 1989) . These volatile-rich magmas are generated at mantle characterized by mantle like C, N, He and Ar (Fischer et al. 2009 ) and traverse large vertical distances. During ascent the major changes in pressure and temperature provide opportunities for fluid-fractionation, phase-separation, fluid-mixing and wall rock interaction. As such, factors from all the models for crystallization have the potential to be active.
At Yungul, in the Speewah area of the Kimberley region in north-western Australia, a spatial association of calcite and fluorite in some major faults was first reported by Alvin et al. (2004) and more comprehensively described by Gwalani et al. (2010) ; Fig. 1 ). Yungul was described as a "carbonatite" because the calcite-rich rocks showed: 1) highly in-equigranular textures; 2) relative enrichment in LREE; 3) a range of δ
13
C-values typical of the mantle; 4) an overall positive correlation between δ 13 C and δ 18 O; and 5) an association with fluidal-textured rocks. Alvin et al. (2004) and Gwalani et al. (2010) then proposed that calcite crystallized from a magmatic fluid by interaction with the adjacent wall rocks. Then as the magma cooled, a F-rich fluid exsolved and, as observed in some samples, replaced calcite.
To more concisely constrain the conditions of calcite and fluorite crystallization at Speewah, and perhaps provide evidence of the fluid compositions and origins, this paper reports: 1) additional δ 13 C and δ
18
O data from micro-drilled calcite; 2) micro-thermometric data from fluid-inclusions in calcite and fluorite; 3) the total trapped CO 2 and H 2 O-content in calcite and fluorite; 4) H, He and Ar-isotopic composition from fluids trapped in calcite and fluorite; 5) simultaneously measured H and O isotopic composition in fluorite. These data, when combined with textural evidence on the timing of crystallization, can be used to map changes in the geochemistry of the aqueous and gaseous fluids trapped during deposition (Taylor, 1974; Samson et al., 1995; Taylor 1997; Campbell and Larson 1998; Demény et al., 1998; Bühn et al., 1999; 2002; Nadeau et al., 1999) .
This study extends the investigations of Alvin et al. (2004) and Gwalani et al. (2010) on Yungul. It also includes samples from a new locality of carbonate-rich veins and breccias with traces of fluorite named "Wilmott", located 5 km north of Yungul (Fig. 1 ). This paper utilizes new field evidence and thin-section observations on rocks from the Speewah area that are reported in Eves et al. (in prep) , along with C, O, H, He and Ar-isotopic data from calcite and fluorite, to discuss the origins of minerals in the breccias and veins at Speewah.
Geological background

Regional geological setting
At Speewah, outcrops of fault-hosted, calcite and fluorite-rich breccias and veins are located near the eastern margin of the Kimberley Block that is part of the North Australian Craton (Alvin et al, 2004; Gwalani et al., 2010; Eves et al., in prep) . Outcrop on the Kimberley Block is dominated by the gently folded and weakly metamorphosed, Palaeoproterozoic sedimentary rocks and minor volcanics of the Speewah and Kimberley Groups (Table 1) . These were extensively intruded by tholeiitic mafic and felsic sills of the Hart Dolerite at 1790 Ma (Page and Sun, 1994; Thorne et al., 1999; Sheppard et al. 2012) . The sedimentary rocks and intrusives are cut by major faults and unconformably overlain by early Cambrian (~506 Ma; Glass and Phillips, 2006) volcaniclastics and tholeiitic flood-basalts (Thom, 1975; Mory, 1990 ) of the Kalkarindji Large Igneous Province (Glass, 2002; Glass and Phillips, 2006 Geology of calcite and fluorite-bearing rocks at Speewah Alvin et al. (2004) and Gwalani et al. (2010) described small (typically <20 m extent), in-equigranular, calcite-rich veins hosted by Hart Dolerite at Yungul on the Central Fault (Fig. 1) . Now, another small area of calcite-rich breccias and veins in dolerite is mapped 5 km north along the Central Fault at Wilmott (Eves et al., in prep). The major difference between the localities is that the calcite from Yungul has more variation in color and grain-size than the milky-white, medium to finegrained calcite at Wilmott.
Similar to the calcite, fluorite occurs intermittently along the Central Fault over a distance of approximately 20 km northwards from Yungul (Eves et al., in prep) . In contrast, on the NE-trending King River Fault, fluorite outcrops almost continuously as en-echelon veins, ranging from 15-700 m long and 0.5-8 m wide, along an 8 km interval termed Main Zone ( Fig. 1 ; Alvin et al., 2004; Gwalani et al., 2010; Eves et al., in prep) . Along the King River Fault the fluorite veins are hosted by both Speewah Group sediments and Hart Dolerite. Typically the veins are laminated and consist of steeply dipping, 5-10 mm thick, alternating bands of fine and medium to coarse-grained, white to pale green, interlocking crystals of fluorite that sometimes have vughy cores.
Within the faults hosting the calcite and fluorite, Alvin et al. (2004) and Gwalani et al. (2010) described a number of different rock types that they considered to be part of the same hydrothermal event. In contrast, detailed mapping by Eves et al. (in prep) has established five, progressively younger stages: 1) crystallization of microcrystalline silica-adularia veins by replacement of pseudo-bladed calcite; 2) emplacement of the fluidal-textured Doon Doon Breccia dykes which hosts fragments of adularia-silica veins; 3) development of calcite-rich veins and heterolithic breccias that host fragments of adularia-silica and Doon Doon Breccia; 4) replacement of calcite by fluorite; 5) precipitation of cross-cutting barite veins.
Carbonate and fluorite samples
In this study, calcite-rich samples were collected from Yungul and Wilmott, while the fluorite is from Yungul and Main Zone (Fig. 1) . The variable-textured, calcite samples from Yungul are the same as those studied by Gwalani et al. (2010) . In contrast, the calcite-rich veins and breccias from Wilmott are characterized by white, equigranular, medium to coarsegrained calcite. The fluorite samples show variation in color (grey, brown, yellow, purple and green) and grain size (fine to coarse-grained). However, there are no systematic differences in form or texture in the fluorite from Yungul and Main Zone. O-contents in seventeen carbonate mineral separates (10 from Yungul and 7 from Wilmott) and nine fluorite samples were determined by vacuum crushing. Chips of 2-3 g (3-5 mm in size) were placed in stainless steel tubes welded at one end, pumped to vacuum, and then crushed using a hydraulic press. The released H 2 O was purified by vacuum distillation and reacted with Zn at 480ºC to produce H 2 gas (see Demény, 1995, and Demény and Siklósy, 2008) . The H 2 O contents and D/H ratios were determined using a Finnigan MAT delta S mass spectrometer at the Institute for Geochemical Research, Budapest, Hungary.
Additionally, both δD and δ
18
O values of fluid inclusionhosted H 2 O and H 2 O-contents have been determined for the same set fluorite samples mentioned in the previous paragraph using vacuum-base liquid water isotope analyzer (Los Gatos Research, LWIA-24days). The samples (0.5-2.5 g) were vacuum-crushed in stainless steel tubes and the released water was cryogenically transferred to the spectroscope's inlet using a vacuum line and measured simultaneously the hydrogen and oxygen isotopic compositions.
Standard water samples (1 μL) are also measured before and after each of the samples to condition the line and provide the same background for each sample. Drift and memory effects were determined and subtracted from the raw data. Additionally, the raw data obtained for the fluorite samples were also corrected for the amount effect. All of the fluorite samples were analysed two or three times with different sample weights to produce varying amounts of H 2 O during the extraction. The degrees of δD and δ 18 O shifts due to changing H 2 O amount were calculated, then the average δ-amount slope was used to normalize the data to 1 μL water. More details of this new technique can be found in supplement. Similar measurements have not been done for calcite as oxygen isotope exchange might occur between calcite and inclusion hosted water.
The isotope compositions are expressed as δD, δ O ratio in the sample or in the international standard. Precision is better than 0.15 % for C and O isotope data, based on replicate measurements of international standards (NBS-19; NBS-18) and in-house reference materials, and about 3 % for δD values based on duplicate analyses by IRMS. In the case of laser spectroscope measurements on the fluid inclusion-hosted H 2 O, analytical precision was better than 2 % and 0.5 % for δD and δ
O values, respectively. For microthermometry doubly polished wafers of calcite and fluorite samples were prepared. Microthermometric measurements were carried out in two laboratories: 1) Department of Geology, Dokuz Eylul University, Izmir, Turkey; and 2) Lithosphere Fluid Research Lab/LRG/, Eötvös University Budapest, Hungary. In both laboratories a computer controlled Linkam THMS600 heating-cooling stage mounted on a polarizing microscope was used. The stages were calibrated using commercially available synthetic fluid inclusions containing CO 2 -H 2 O, H 2 O and NaCl-H 2 O. At the melting points of standards, the temperature reproducibility is ±0.2°C.
For noble gas measurements, mineral separates (calcite and fluorite) were coarsely crushed in 2-3 mm sized and, then 0.6-2.9 g of grains were selected for analyses. The separates were cleaned in ethanol and acetone, then dried at 50°C. After loading the samples into the crusher (Papp et al., 2012 ) the sample holders were baked out overnight at 50°C. Samples were then crushed under high vacuum and measured using VG5400 noble gas mass spectrometer at Hertelendi Laboratory of Environmental Studies in Institute of Nuclear Research of the Hungarian Academy of Sciences, Hungary. The blank levels during the experiments were 110 −9 cm 3 STP for He, 510 −8 cm 3 STP for Ar. The blank correction was applied to all analyses (less than 1% for each noble gas). The sensitivity and the isotope discrimination of the mass spectrometer were calibrated by analysing known amounts of air aliquots of 2.510 −5 -1.010 −4 cm 3 for Ar and 0.12-0. 25 cm 3 for He (Varsányi et al., 2011; Papp et al., 2012) . More details about the purifications and the mass spectrometer procedures can found in the Papp et al. (2012) .
The CO 2 was extracted with noble gases during vacuum crushing, and then separated by freezing using a cold finger child by liquid nitrogen. The cold fingers were then filled with pure helium and closed by high vacuum valves (VAT, series 541). The amount of CO 2 was determined by a quadrupole mass spectrometer (Pfeiffer Omnistar) that was calibrated with 1-5 mm 3 of CO 2 .
Results
Carbon (δ 
18
O data for Wilmott is presented in Table 2 and plotted with historical data from Yungul (Table 2 ; Gwalani et al., 2010) in Fig. 2 . The C and O isotope compositions of the Wilmott samples range from -6.5 to -5.6 % and 13.9 to 14.7 %, respectively. The data plot outside the primary igneous carbonatite and magmatic mantle fields (δ 13 C≈-8 to -4 %, δ 18 O≈6-10 %, Taylor et al., 1967; δ 13 C≈-8 to -2 %, δ 18 O≈6.5-9.5 %, Deines, 1989; δ 13 C≈-7 to -5 %, δ 18 O≈ 5.5-7 %, Keller and Hoefs, 1995) and show a negative trend (slope≈-0.5 and R 2 ≈0.4, Fig. 2 ). This is distinct from the overall positive trend observed for the Yungul carbonate samples ( Fig. 2 ; Gwalani et al., 2010) . However, it should be noted that the some samples seem to indicate a similar shift for Yungul carbonates (Fig. 2) .
Despite samples being collected from different sites across each locality and selected to represent different textural varieties, there does not appear to be any systematic spatial or geological variation in either δ 13 C or δ
O values. However, samples from Wilmott, where the calcite has a more uniform color and texture, show less variation in δ 13 C and δ
O than the more texturally variable calcite from Yungul (Table 2 ; Gwalani et al., 2010) . 2004). Generally, the calcite contains less fluid inclusions than the fluorite. The extended study also included an examination for melt inclusions, but these were not observed in any samples.
Texturally, the fluid inclusions can be separated into primary and secondary types. The primary types appear as individual inclusions that often have a negative crystal shape of the host. These can reach 50 μm in diameter and are usually larger than secondary inclusions. Secondary types form trails or planar groups that often cross-cut grain boundaries. However, in many cases it is not possible to define real grain boundaries as the crystals often break along cleavage planes especially in the 'breccia -samples'. This implies that some of the inclusion trails are pseudo-secondary. In addition, some of the studied samples are especially rich in inclusions and this makes it difficult to differentiate between trails and planes. These inclusions range in size from a few microns to 20 μm. They are generally irregular or rounded in shape although sometimes they tend towards negative crystal shapes, which might be produced by recrystallization processes (e.g. Roedder 1984) .
The microthermometric results did not identify any systematic differences between primary, secondary or pseudosecondary inclusions. Furthermore, no significant differences are observed in microthermometric data among Wilmott, Yungul samples and fluorites (summarized in Table 3 ). Most fluid-inclusions in calcite and fluorite are two-phase aqueous (liquid+vapor) at room temperature. A few monophase inclusions (liquid-only) were observed, while three-phase (liquid+ vapor+solid) inclusions are rare. Eutectic melting of the LGS-304 14.0 -5.8
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LGS-363 14. Oakes et al. 1990 ). The mean, final-ice, melting temperatures of the primary aqueous inclusions in calcite and fluorite are dominated by values between -17°C and -22°C. This corresponds to salinities of 19-24 wt.% NaCl equivalent (Bodnar 1993) .
During heating, two-phase aqueous inclusions homogenized to liquid with an total range of homogenization temperatures from 600-100°C but most fall in the range of 150 to 450°C.
Water (H 2 O) contents and stable H and O isotope compositions in fluid inclusions
The H 2 O contents and δD values for fluid from the calcite and fluorite are listed in Table 4 and plotted on Fig. 3 . The fluorite samples are characterized by H 2 O contents ranging from~500 to~2300 ppm. These values are systematically greater than those observed in Wilmott calcites (H 2 O content=120-900 ppm) and those in the Yungul calcites (H 2 O content=240-1300 ppm).
The δD values from the H 2 O in calcite and fluorite also appear to show significant differences between the minerals (Fig. 3) . The δD variation in fluids from calcite is large, with Yungul reporting -83 to -24 % and Wilmott from -100 to -29 %. In contrast, the fluorite-fluid δD is lower and ranges from -29 to -155 %. Overall, the calcite shows decreasing δD with decreasing H 2 O-content and this overlaps the δD from fluorite. However, the fluorite has a relatively constant δD is over a wider range of H 2 O-content.
The oxygen isotopic compositions of fluorite-hosted inclusions vary between -4.5 % and 0.3 % and form a linear trend with hydrogen isotope values determined by laser spectroscopy (from -29 to -15 %). It is remarkable to note that the start of this line plots on the GMWL (Global Meteoric Water Line, defined by Craig (1961) , Fig. 4) .
It is also interesting that the δD and the δ ).
Discussion
Carbon and oxygen isotope systematics in calcite At Wilmott and Yungul, the strongest evidence for a deepseated fluid is the narrow δ 13 C range of -4.6 to -6.5 %, which is consistently in the range of the primitive mantle ( Fig. 2 ; (δ 13 C≈-7 to -5 %, Keller and Hoefs, 1995; δ 13 C≈-8 to -2 %, Deines, 1989; Cartigny, 2005) . The calcite is also within the δ 13 C range of -9.1 to -4.4 % reported from peridotitic 
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LGS_297 diamonds in the nearby Argyle diamond mine (Jaques et al., 1989) . This is perhaps direct evidence that the C-bearing portion of the fluid originates from a deep-seated source.
In contrast to the deep-seated δ 13 C characteristics, the range of δ
18
O in calcite from Yungul and Wilmott indicates either equilibration with or derivation from material with a stronger crustal signature. Nevertheless, the overlapping ranges of δ 13 C and δ
O from both localities suggest the fluids are derived from a common source (Fig. 2) . The major difference is that Yungul has a greater spread of δ (Deines, 1970 , Pineau et al., 1973 Deines, 1989; Zheng, 1990; Castorina et al. 1997; Comin-Chiaramonti et al., 2005; Marks et al., 2009; Ray et al., 2009) .
In magmatic calcite, the range and slope of the δ 13 C-δ 18 O relationship is dependent on factors that include: 1) carbonatesilicate liquid immiscibility; 2) fractional crystallization; 3) crustal assimilation; and 4) post-magmatic processes (Deines, 1989; Comin-Chiaramonti et al., 2005; Ray et al., 2009) . In hydrothermal systems, the relationships are controlled by: 1) the nature of the C-bearing phase (carbonate or bicarbonate); and 2) temperature of crystallization (Zheng, 1990) . At Yungul, Gwalani et al. (2010) Weathering commonly involves fluids with biogenic CO 2 (Castorina et al. 1997; Comin-Chiaramonti et al., 2005) . In order to exclude the effects of weathering as a source of variation in this study, all samples were selected from fresh crystalline rocks. As such, it is unlikely that surficial processes produce the negatively correlated relationship between δ 13 C and δ
O that is evident at Wilmott and parts of Yungul. Assimilation is potentially a more difficult process to assess. In general, Dobson et al. (1996) suggested that low viscosity, carbonate-rich fluids pass through the crust without significant contamination. Nevertheless, there are examples, where fluids assimilate carbonate-rich rocks during emplacement and show changes in C isotope compositions (Demény et al., 1998 (Demény et al., , 1999 . However, an absence of older 12 C-rich, crustal carbonates at Speewah suggests that an assimilation model is unlikely.
The observed pattern resembles the spread of C isotopic compositions of carbonates formed in basalts and lamprophyres (see Demény et al., 1994; Demény and Harangi, 1996) that were interpreted to result from CO 2 degassing from magmatic CO 2 +H 2 O fluids. During crystallization, fluids separate with the loss of 13 C-rich CO 2 and this progressively lowers the δ 13 C in the residual fluid (Mattey et al., 1990) . Although CO 2 is released, trapping the gas is probably rare because the separation would predate most carbonate precipitation. Although phase separation is usually proposed for igneous rocks, a similar processes should be expected in hydrothermal systems (e.g. Simmons and Browne, 1997; Skinner, 1997; Canet et al., 2011) . At Speewah, Alvin et al. (2004) reported a small number of CO 2 -bearing inclusions in fluorite and this might imply that degassing was active. As such, the negatively correlated Boettcher and O'Neil, 1980; Kyser and O'Neil, 1984) and crust (inferred from δD of fluorite, Fig. 3 ) are also shown The concentrations and the isotopic ratios are corrected for procedural blank. The errors denote one sigma. The concentrations are given to the weight of the rock samples O range (Deines, 1989) . However, if this process were active, it would require a high water/rock ratio that would have resulted in extensive amounts of recrystallization and hydrothermal alteration which is not typical of the calcitebearing outcrops in the Speewah area.
Stable isotope systematics of the fluids trapped in fluorite
The δD and δ
18
O values of inclusion-hosted water in fluorites range from -29 to -16 % and -4.5 to 0.3 %, respectively, showing a positive linear correlation (R 2 =0.7 ; Fig, 4) . The trend has a low-δD-δ 18 O end-member very close to the Global Meteoric Water Line (GMWL; δD=8 δ 18 O+10; Craig, 1961) and a slope of 2.2. Although there is no data regarding the Meteoric Water Line from the time interval of formation of the fluorite veins, the coincidences of isotopic values with the GMWL is remarkable and likely indicate that the fluid ultimately had a meteoric origin.
The trend formed by the studied samples is characterized by mainly 18 O-enrichment and minor D-enrichment relative to the GMWL (Fig. 4) . Such trends are ubiquitously found in geothermal waters, crustal brines (Sheppard, 1986; Ohmoto, 1986; Kloppmann et al., 2002 ) that originate from meteoric water infiltration and deep migration. The positive shift is often attributed to 18 O exchange with oxygen-bearing minerals with elevated δ
O values (e.g. carbonate minerals) at moderately elevated temperatures (e.g. Clayton et al., 1966; Kloppmann et al., 2002) . As the fluorite veins formed following the calcite veins (i.e. calcite replacement by fluorite was observed at the studied area), the positive shift in δ
O was likely caused by isotope exchange with these carbonate minerals. This scenario is also in agreement with the moderately elevated trapping temperatures (i.e. homogenization temperatures≈150-450°C) of the fluid inclusions.
In addition to the stable isotope compositions and the observed moderate trapping temperature, the high salinities found in the fluid inclusions suggest that the fluid trapped in fluorite derived from brines leaching evaporitic material from the Speewah Group sediments which have abundant shallowwater to emergent sedimentary structures in the Speewah Group or from brines sourced from aquifers within granitoids in the Halls Creek Orogen (cf. Schwinn and Markl 2005; Dill et al. 2011 ).
Stable isotope systematics of the fluids trapped in calcite
In contrast to the narrow variation of hydrogen isotopic composition in fluorite (15-29 %) the calcite at Yungul and Wilmott is characterized by a wide range of δD values (24-100 %) partly overlapping with those in fluorite (Fig. 3 ) and partly overlapping with the estimated δD values for the upper mantle (-85 to -75 %, Boettcher and O'Neil, 1980; Kyser and O'Neil 1984) . Additionally, these lower δD (-100−-75 %) values are comparable to analyses on apatite collected in various carbonatite localities worldwide (Nadeau et al., 1999) and on biotite from carbonatites in the Canary Islands, Spain (Demény et al., 1998) .
Furthermore, Fig. 3 reveals a relationship between δD values and water contents in both carbonates and fluorites. The analyses from Yungul extend from relatively low δD values (≈-80 %) and low water content (240 ppm) to higher δD values (≈-25 %) and water content (1300 ppm). A similar trend is also apparent for the Wilmott rocks. There are two main processes that can be responsible for this distribution: mixing and degassing.
Mixing of two fluids seems to be a reasonable process as one of the candidates for an end-member could be the upper mantle represented by δD values of -80 % (see above); while the other end-member is characterized by δD values of -25 % being similar to those found in fluorite. Thus, this later endmember is likely placed in the crust and originated from a basement-brine. In Fig. 3 it was modelled as possible mixing between these two components by adding to the mantle endmember more and more crustal component until reaching the highest concentrations. The studied samples are close to this mixing line, but they plot somehow below it. To further assess the possibility of mixing, hydrogen isotope values are plotted against the oxygen and carbon isotopic compositions of the host calcite (Fig. 5) O values for primary mantle is in the range of 2-8 % (Taylor et al., 1967; Keller and Hoefs, 1995; Cartigny, 2005) . In other words, the samples closest to the primary mantle oxygen isotope values should be accompanied by the lowest hydrogen isotope values (≈ -80 %) and not the opposite. This observation suggests that the low δD values are related to the evolution of the fluid system rather than mixing.
Another possible mechanism that can produce the isotopic systematics described above is fluid degassing. Similar patterns have been also observed in various magmatichydrothermal systems (e.g. Friedrichsen 1983, 1986; Nadeau et al., 1999; Xia et al., 2004; Valley, 1986) . In this scenario the starting hydrogen isotopic composition is between -20 % and -30 % that evolves toward lower δD values parallel with the decreasing of the water content (Fig. 3) . In addition, the logarithmic curve formed by Yungul and Wilmott samples can be modeled by Rayleigh distillation indicating an open system degassing when the exsolved vapor is continuously removed without isotope equilibration. It is also worth mentioning that the correlation between the δD and δ
18
O values (Fig. 5) O-depleted fluid escapes preferentially (Deines, 1989) .
Either mixing or degassing was responsible for the observed variation in δD values of fluid inclusions. It would be necessary to assume the presence of a CO 2 -rich fluid which has a mantle-like δ 13 C composition (to produce the mantlelike carbon isotopic composition in calcite) and mixing with H 2 O-dominated crustal fluid (brines?). To further investigate the origins of the fluids, noble gas (He, Ar) isotopic compositions have been measured because these are sensitive tracers to identify various components in mantlederived carbonates (e.g. Murty et al., 2007; Tolstikhin et al. 2002) , mineral deposits (e.g. Burnard et al. 1999) , other mantle-derived materials (e.g. Czuppon et al. 2010 ) and hydrothermal systems and hydrocarbon systems (e.g. Ballentine et al., 1991; Giggenbach et al., 1993; Sano and Marty, 1995; Barry et al., 2013; Karlstrom et al., 2014 (Fig. 6) . These low helium ratios indicate the presence of a radiogenic component that is probably derived from the crust because 4 He is continuously produced by the decay of U and Th without significant production of 3 He. The helium has a very small ionic radius and 4 He can diffuse into groundwaters/hydrothermal fluids during their flow (e.g. Andrews and Lee, 1979 , Torgerson and Clarke, 1985 , Ballentine et al., 1994 Ar ratios are slightly above the air value (295.5) ranging from 309 to 427, although higher ratios could be expected due to the decay of 40 K in the potassium-bearing minerals within the crust. However, the diffusion of Ar into groundwaters from most of the minerals is restricted compared with helium even at moderate temperature because the blocking temperature of argon is considerably higher, and the recoil lengths shorter than those of He (Lippolt and Weigel, 1988; McDougall and Harrison 1988; Elliot et al., 1993) . Alternatively, the argon isotopic composition could reflect the addition (contamination) of a significant air-like argon component.
The helium and argon isotopic compositions strongly indicate the contribution of a radiogenic (crustal) component in the studied samples without supporting the presence of a mantle-derived noble gas component. He ratios did not provide evidence for a deep-seated mantle-originated fluid showing mainly radiogenic values. However, it should be noted that the He ( 4 He) content appears to be very high compared to typical igneous rocks, which would have at least one or two orders of magnitude less He. Thus, it is reasonable to assume that the mantle helium ( 4 He) component is overwhelmed (obscured) by the contribution of a large amount of helium that originated in the crust. To overcome this problem and find supporting (or opposing) evidence for the presence of mantle-derived fluid (that is solely indicated by the δ 13 C composition of calcite), CO 2 / 3 He ratios were determined. The CO 2 / 3 He ratios vary from 3×10 9 to 2×10 11 , overlapping with mantle values (≈2±1×10 9 ; Marty and Jambon, 1987; Sano and Marty, 1995) . Similarly to δD variations (Fig. 3) , there are at least two possibilities to explain the observed variation: 1) mixing; and 2) degassing.
To do further attempt to evaluate the processes (i.e. mixing, degassing) that produced the observed stable and noble gas isotopic/elemental variation, we plot the CO 2 / 3 He and δD values in Fig. 7 . The data obtained from both the calcite and fluorite samples form a linear trend between two possible endmembers, one is characterized by high (crustal-like) δD values (-20 %−-30 %) and mantle-like CO 2 / formed in explosive hydrothermal system in which the extensive open degassing strongly affected the isotopic pattern and caused breccia texture in the veins. In contrast to the calcite the fluorites formed in a passive hydrothermal system showing much narrow isotopic variations and no fluidal texture.
Texturally, fluorite crystallization clearly post-dates the calcite formation as many cases partial calcite replacing can be observed by fluorite. Thus, it is assumed that subsequent fluid batches originated in the deep crust by mixing of CO 2 and H 2 O. The fluorite forming fluid batches apparently have the most crustal features (e.g. lowest 3 He/ 4 He ratios) thus it also is assumed the dominant part of the fluorine-bearing fluid is a deep-seated brine and has a crustal origin.
In addition, it should be emphasized that all the field and isotopic evidence at Speewah suggest the calcite and fluorite crystallization is dominated by hydrothermal rather than magmatic-hydrothermal processes. Thus, the carbonate veins at Speewah are not carbonatites in sensu stricto, as it was suggested in previous works (e.g. Alvin et al., 2004; Gwalani et al., 2010) .
Conclusions
At Speewah in the East Kimberley of Western Australia Alvin et al. (2004) and Gwalani et al. (2010) proposed a shallow, crustal, magmatic to magmatic-hydrothermal origin for faulthosted, heterogeneous to fluidal-textured, calcite and fluorite veins with carbonate-rich rocks were regarded as direct evidence of a deep-seated, magmatic "carbonatitic" origin. However, the system lack the diagnostic mineralogical and geochemical features of carbonatites that crystallize from deep-seated, volatile-rich, mantle-derived magmas (Bell, 1989; Fischer et al. 2009 ). In contrast, the fluid-inclusion micro-thermometry, along with the C-O-H-Ar-He-isotopes and H 2 O and, CO 2 -contents in the calcite and fluorite that appear to characterize the fluids and crystallization conditions.
In the fluorite, a greater abundance of trapped saline fluid has δD and δ
18
O values indicative of meteoric water associated with deep migration in the crust. The helium isotopic ratios also suggest the presence of fluid that originated in the crust. However, the CO 2 / 3 He (~3×10 9 ) ratios indicate a mantle contribution implying that the fluid trapped in fluorite resulted by mixing of CO 2 -dominated mantle and H 2 O-dominated crustal fluid.
At Yungul and Wilmott, it also appears that mixing of CO 2 -rich mantle fluid and H 2 O-rich crustal fluid triggered calcite crystallization at around 600°C and this was associated with extensive degassing that produced the observed large isotopic variation. The resulting calcite has mantle-like δ 13 C values ranging from -4.6 to -6.5 %, but the δ
O values are higher than normal mantle compositions ranging from 10.5 to 18.0 %. The trapped H 2 O in calcite has δD values from -100 to -25 % and the increase in δD with water contents reflects open-system degassing. This is consistent with the variation of CO 2 / 3 He ratios that also reflect an extensive degassing. This loss of the gaseous products might have induced the production of fluidal-textured rocks. This is in contrast with the crystallization conditions for fluorite that were quiet and passive and produced the coarse-grained, banded to vughy textures in fluorite.
The overall conclusion is that the structurally controlled veins in the Speewah region of the East Kimberleys in Western Australia represent mixing of a CO 2 -rich fluid from a deep-mantle source and a H 2 O-rich crustal fluid that crystallized calcite. As such, the calcite-bearing breccias and veins at Speewah are not carbonatites (sensu stricto), which implies a predominantly magmatic origin, but crystallized in response to mixing with increasing amounts of crustal-fluids and cooling. The implication is that rather than the F being derived from a deep-mantle source, it was perhaps derived from brines leaching evaporitic material from the Speewah Group sediments which have abundant shallow-water to emergent sedimentary structures in the Speewah Group or from brines sourced from aquifers within granitoids in the Halls Creek Orogen (cf. Schwinn and Markl 2005; Dill et al. 2011) .
The field, C-O-H and He-Ar-isotopic evidence presented in this study suggests that rather than a magmatic-hydrothermal origin for the calcite-fluorite system, the minerals formed in a hydrothermal system dominated by crustal material and are potentially quite distal from a magmatic source. In the absence of any close spatial or temporal association with other magmatic rocks, precise age dating of the calcite-fluorite-barite system is required to assign either a possible tectonic or magmatic origin to the primary fluid.
